The study of organic form has a long and distinguished history going at least as far back as Aristotle's Historia Animā lium, wherein he identifi ed fi ve basic biological processes that defi ne the forms of animals (metabolism, temperature regulation, information processing, embryo development, and inheritance). Unfortunately, all of Aristotle's writings about plant forms are lost. We know of them only indirectly from his student Theophrastus's companion books, collectively called Historia Plantarum, wherein plant forms are categorized into annual herbs, herbaceous perennials, shrubs, and trees. The study of plant forms did not truly begin until the romantic poet and naturalist Goethe proposed the concept of a hypothetical 'Plant Archetype', declared "Alles ist Blatt", and fi rst coined the word morphologie, which inspired the French anatomist Cuvier (who established the fi eld of comparative morphology), the English naturalist Darwin (who saw his theory of evolution reinforced by it), and the Scottish mathematician D'Arcy Thompson (who attempted to quantify it).
Although the variety of animal and plant forms is seemingly endless, at a fundamental level Theophrastus, Cuvier, Darwin, and Thompson saw that this variety conformed to certain rules, which in part conformed to physical laws and principles. This is seen perhaps nowhere more clearly than in plants (here, broadly defi ned as photosynthetic eukaryotes to include the algae as well as the land plants). With few exceptions, cylinders, fl at oblate spheroids, and disks are the basic geometries that can be used to approximate the majority of plant body plans, and for good reason --they are excellent at dealing with mechanical forces and for exchanging mass and energy between an object and its surrounding fl uid (water or air). Natural Primer selection has tested the worth of these geometries over billions of years, and they have not been found wanting, because there are rules about how size, shape, and geometry must co-vary to remain functional. These rules have quite literally shaped the history of life in subtle and not so subtle ways.
The goal of this Primer is to review some of these rules, and to show how they are useful in understanding the biology of plants.
Shape and g eometry
The fi rst rule to consider is that shape and geometry are not the same thing, and that each can be changed as the size of cell, organ, or organism ontogenetically changes over time, or as a consequence of evolutionary modifi cation by means of natural selection.
There are many ways of defi ning what is meant by shape. However, herein shape is defi ned simply as any dimensionless quotient constructed using dimensions that defi ne the geometry of the object being considered. The distinction between shape and geometry and the use of dimensional quotients to defi ne shape can be illustrated by considering a simple geometric class of objects, such as a cylinder. The cylinder is constructed by translating a circle orthogonally along a straight line, whereas its shape can change by either increasing the radius of the circle, or by changing the length of the translation axis. In this example, the shape of a cylinder can be defi ned by the dimensionless quotient of length and radius, otherwise known as an aspect ratio. Translating a circle over a long distance results in a very slender cylinder, whereas translating the same circle over a very short distance results in a circular disk. With the exception of the sphere, the shape of every geometric class can be changed independently of size (e.g., length or volume). Indeed, even a sphere can be deformed to produce an oblate or prolate spheroid.
The implications of the separation of shape and geometry are profoundly biologically important at the level of the organelle, cell, organ, and organism because the independence of shape and geometry from each other (and the independence of either from Current Biology 27, R853-R909, September 11, 2017 R901 size) provides an ontogenetic and evolutionary escape route from the constraints imposed on physiological functions by the relationship of surface area (which infl uences the ability of an organism to exchange mass or energy with its environment) to volume (which infl uences the metabolic demands for nutrients).
The rules of surface area and volume
The second rule is spoken of in the second-day discourse of Galileo's Discorsi e Dimostrazioni Matematiche, published in 1638, wherein he draws attention to the scaling of horizontal beams, vertical columns, and other mechanical structures. Although he never mentions surface area per se, his writings make it clear that the scaling of surface area with respect to volume conforms to a 2/3 power rule -provided that size increases and that geometry and shape do not change. This rule and its provision are demonstrated by seeing that the surface area of any object is proportional to the square of one of its reference dimensions such as length, S  L 2 , whereas its volume is proportional to the cube of the same reference dimension, V  L . Galileo qualifi ed this rule because he saw that it is violated if shape or geometry or both change as a function of size. For example, the surface area of a circular cylinder with radius R is S = 2RL, whereas the volume is V = R 2 L. Thus, surface area will scale oneto-one with respect to volume, provided that the radius of the cylinder remains constant, or, S/V = 2R such that S  V when R = constant. Note that in this example both size and shape are changing --as the cylinder increases in size (length), its shape becomes progressively more slender. This example also shows that the numerical value for the scaling exponent, , between S and V for non-spherical organisms potentially has a large range, i.e., S  V 0.66    1.0 . Indeed, if surface areas are invaginated, as in lungs and leaf aerenchyma, the numerical value of the scaling exponent can signifi cantly exceed one.
This foray into geometry may seem trivial until it is confronted with biology. Using published data gathered from diverse unicellular prokaryotes, plants, and animals, a bivariate plot of surface area versus volume reveals a log-log linear trend across seven orders of magnitude of cell volume ( Figure 1A) . Regression of these data shows that surface area scales as the 0.72 power of volume, or, S  V 0.72 . Although this value is numerically signifi cantly less than one, it is nevertheless substantially greater than 0.66, which indicates that across these species, either geometry or shape is changing. In fact, inspection of the morphologies of the unicellular species included in the data set shows that the very smallest cells are spherical or nearly so (e.g., Coccolithus), whereas the largest cells have the form of prolate and oblate spheroids, or disks (e.g., Coscinodiscus). Although none of these unicellular species has cylindrical cells, measurements of the unbranched R902 Current Biology 27, R853-R909, September 11, 2017 fi lamentous alga Spirogyra show that cell diameter is conserved as the length of fi laments increases by successive cell divisions ( Figure 1A) . Regression of the limited data for this alga indicate that, as predicted, surface area scales nearly isometrically with respect to volume, or, S  V 0.98
. An interesting correlated feature with the scaling of S with respect to V is that the carbon content ("cell density") decreases as V increases ( Figure 1B ).
The rules of cylindrical mechanics
The rules of geometry pertain as much to the form of land plants as to aquatic algae. However, unlike aquatic plants, terrestrial plants like liverworts and mosses must either hug the substrates that provide water and soil nutrients (the hydrophyte stratagem), or like the vascular plants, they must weatherproof their external surface area to prevent desiccation (the meso-and xerophytic stratagem). The latter is often accompanied with the internalization of surface areas in the form of aerenchymatous invaginations --a strategy that fi nds its parallel among animals with lungs. In addition, whereas aquatic plants are neutrally or positively buoyant, terrestrial plants cope with the force of gravity (self-loadings) and wind-induced drag forces. Once again, cylinders perform well when dealing with these and other mechanical forces. For example, the ability of a vertical column or a cantilevered beam to cope with a bending force is called fl exural stiffness, which is qualifi ed by multiplying the stiffness of the material used to construct the column, called Young's modulus E, by a quantity called the second moment of area I, or, fl exural stiffness --EI. For a circular column or cantilevered beam with radius R, the second moment of area equals R 4 /4. Therefore, regardless of the material used to make a column or beam, any small increase in radius produces an exponential increase in fl exural stiffness.
The counterpart of fl exural stiffness is called torsional rigidity C, which equals the product of the shear modulus G and the polar moment of area J, or, C = GJ. For a circular column or beam with radius R, the polar moment of area equals R 4 /2. Curiously, even though the numerical value of J is twice that of I, the shear modulus of almost any material (and all plant tissues) is so much less than Young's modulus (i.e., G << E) that, regardless of what it is made of, a columnar or cantilevered stem will always twist much more easily than it will bend. This 'rule' is important because circular columns and beams have transverse radial symmetry such that they will bend or twist equally well in any direction, which is an advantage for a structure like a vertical stem exposed to wind that can come from any direction. In addition, a vertical column intercepts the same amount of sunlight from any side direction. It is not surprising, therefore, that the earliest known vascular plants had more or less un-tapered, leafl ess axes, or that some fi lter-feeding invertebrates have radial symmetry.
Adding stiffer material to the construction of a column or beam does not alter the fact that it twists more easily than it bends, but it can alter shape because stiffer columns and beams can be more slender. This rule emerges from the equation that predicts the maximum height (and thus the critical length L cr ) to which a column with radius R, material stiffness E, and bulk density  can reach without buckling under its own weight, or, L cr is proportional to (E/g) 1/3 (2R)
, where g is the acceleration due to gravity. Inserting a few of the published values of E and  for different plant tissuetypes into this equation shows that a column composed of Populus nigra wood can achieve an aspect ratio (L/R) in excess of 103 compared with a column composed of apple fl esh (parenchyma). Hollow tubes do much better because the absence of material at their center reduces the bulk density  (and thus the weight exerted at the base of the tube), and because material at the very center contributes nothing to the ability to resist bending. Tall Current Biology 27, R853-R909, September 11, 2017 R903 grass species such as bamboos and more diminutive species such as the horsetails demonstrate the mechanical advantage of hollow stems. However, there are limits to the 'hollow tube' stratagem because a very thin tube can crimp locally (like a bent straw). Although the length of this Primer precludes a treatment of tapered beams and columns, it is worth noting that the height of a conical column is three times that of its columnar counterpart with the same basal radius and volume. This stratagem became botanically possible with the evolution of lateral vascular and cork cambia in woody plant lineages.
Cylinders + spheroids = leafy stems
Cylindrical structures provide mechanical advantages, but they are not especially good at intercepting sunlight, particularly when compared to fl attened disks or spheroids. The validity of this statement is demonstrated by calculating the quotient of an object's surface area projected toward the light S p and its total surface area S for different objects, plotting S p /S as a function of the diurnal passage of the sun, and integrating the area under the resulting curve. Using this method to defi ne light interception LI as shows that there is little difference in LI among spheroids and cylinders with aspect ratios equal or nearly equal to one. However, as the aspect ratios of these geometries increase, progressively fl attened oblate spheroids signifi cantly out-perform extended prolate spheroids or elongated cylinders ( Figure 1C-F) . One insight gained from this method of computing light interception is that photoreceptive spheres are indifferent to the angle of incident light (i.e., LI remains numerically constant regardless of the direction of light) and are thus excellent at collecting diffuse light, as in an aquatic environment. They are also excellent in arid environments, owing to their reduced surface area with respect to volume (Figure 2 ). The rules of light interception become more complex but biologically more interesting if prolate spheroids are compressed to form elliptical disks elevated by a column to mimic simple leaves on a vertical stem (Figure 3) . Only six parameters are required to simulate such a 'leafy shoot' and to compute its ability to intercept light -leaf lamina width W and length L, petiole length l, the distance between successive leaves d (internode distance), the defl ection angle of the leaf from the vertical , and the rotational angle between successively attached leaves  (the phyllotactic or divergence angle). Historically,  was considered a developmental constraint on the ability of a leafy stem to intercept light because some phyllotactic patterns result in signifi cantly overlapped leaves when viewed from above, particularly in the case of a rosette growth habit with a decussate or distichous phyllotactic pattern ( = 90º and 180º, The results of computer simulations using six parameters (A) predicting the amount of light energy (expressed in Watt-hrs.) intercepted by stems differing in intermodal length (B) or the same stem elevating leaves differing in morphology (C-E). The six parameters are leaf lamina width W and length L, petiole length l, the distance between successive leaves d (internode distance), the leaf defl ection angle from the vertical , and the rotational angle between successive leaves  (the phylotactic or divergence angle). Total leaf areas are equivalent in all simulations. Although changes in any of the six parameters can yield nearly comparable capacities for light interception, the optimal leaf rotational angle  is approximately 137.5º (shown as a line running along the 'crest' in each simulation).
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Current Biology 27, R853-R909, September 11, 2017 respectively). However, computer simulations in which light interception is computed directly in terms of the energy intercepted by only exposed leaf surfaces show that varying petiole length, internodal distance, or the extent to which the leaf lamina is dissected (thereby allowing light to penetrate deeper into a leafy stem) are each capable of negating the effects of the phyllotactic arrangement of leaves, although a leaf divergence angle of 137.5º remains optimal under all simulated conditions, but only marginally so in most cases (Figure 3 ).
Modular construction and the optimization of form
Simulations of how light interception can be optimized give some insight into how photoreceptive leaves can be arranged on a single stem, but they overlook the fact that light interception is not the only factor dictating plant form. In addition to capturing light, terrestrial plants need to achieve mechanical stability and conserve water. In addition, they need to disperse propagules if their species is to survive and evolve. Some of these functional obligations have intrinsic confl icts. For example, the maximization of light interception requires large surface areas that can confl ict with the conservation of water. Likewise, vertical stems minimize mechanical bending moments, but they also have the least effi cient orientation for maximizing light interception. The reconciliation of these confl icts requires the optimization of numerous tradeoffs. Curiously, however, rather than reducing the diversity and number of optimal plant forms, the reverse is true. The diversity
Current Biology The results of computer simulations using six parameters (A) predicting the phenotypes that optimize intercepting light, maintaining mechanical stability, conserving water, and dispersing windborne spores simultaneously. (B) Phenotypes with equal branching are simulated using only three parameters: the probability of branching P, the bifurcation angle , and the rotation angle . Phenotypes with unequal branching require six parameters (e.g., f1 and f2). An additional two (or four) parameters are required to simulate axes of different length and diameter (not shown). The results of these and other simulations indicate that the number of optimal phenotypes exceeds that of the phenotypes that can maximize the performance of any one of the four functional obligations (see Niklas 1994) .
Current Biology 27, R853-R909, September 11, 2017 © 2017 Elsevier Ltd. R905 of functionally equivalent phenotypes actually increases as a function of the number of tasks an organism must perform simultaneously. Although the global fi tness of phenotypes capable of reconciling the tradeoffs of coping with light interception, mechanical stability, water conservation, and reproduction is reduced compared with phenotypes maximizing the performance of any one of these four functional obligations, the number of phenotypes performing all four functions simultaneous with comparable global fi tness increases. This assertion is based on the results of computer simulations of early vascular land plants whose morphologies are preserved in the fossil record. By and large, these plants consisted of cylindrical leafl ess axes that functioned as photosynthetic and self-supporting structures elevating reproductive structures (sporangia containing wind-dispersed spores). The forms of these ancient plants can be simulated mathematically by means of three parameters -the probability of an axis branching P, the bifurcation angle between adjoining axes , and the rotation angle of adjoining axes with respect to the horizontal plane of reference  ( Figure 4A ). In the case of unequal branching, each of these three parameters must be assigned to each of the two or more axes in each branching point. Using these parameters, it is possible to computationally construct a multidimensional 'morphospace' (a space containing all theoretically possible phenotypes). Using physical fi rst principles, it is also possible to quantify the ability of each phenotype to perform one or more functional obligations simultaneously. A survey of the number of phenotypes capable of performing all four tasks equally well shows that their number is considerably greater than the number of phenotypes that can maximize the performance of any one, two, or three of the four tasks. In addition, many of the phenotypes optimizing all four tasks look like modern as well as ancient plants ( Figure 4B ). These results may seem counterintuitive. But consider that a machine maximizing the performance of only one task can deviate little from the most effi cient design, whereas a machine performing many tasks can take on a variety of designs that perform equally well.
Concluding remarks
There can be very little doubt that the 'rules' of plant morphology are far more numerous and complex than described in this brief overview, particularly since these rules are embedded in the operation of gene regulatory networks. The goal of this Primer was not to reduce this complexity to a few canonical rules, but rather to show how a few basic rules derived from fi rst principles can shed light on the complexity of organic form, both in today's world and in the distant past when the land plants fi rst evolved. To paraphrase Sir Arthur Conan Doyle's famous sleuth "Once you have removed whatever is physically and mathematically impossible, whatever remains must be irreducibly biologically possible (although not necessarily evolutionarily achievable)." Indeed, this is the objective of biophysics --to explore biology from the perspective of physical principles, such that whatever cannot be explained directly from these principles must be explained otherwise.
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Late Palaeozoic plants

Zhuo Feng
Land plants are one of the major constituents of terrestrial ecosystems on Earth, and play an irreplaceable role in human activities today. If we are to understand the extant plants, it is imperative that we have some understanding of the fossil plants from the deep geological past, particularly those that occurred during their early evolutionary history, in the late Palaeozoic.
The late Palaeozoic era spans from about 419 million years ago to 252 million years ago, and is subdivided into three geological periods in chronological order: the Devonian, Carboniferous and Permian. The late Palaeozoic is characterised by dramatic tectonic movements, global climatic changes and evolutionary novelties both in the ocean and on land. Green forests encompassing primeval plants fl ourished for the fi rst time on Earth, many of which formed the coal deposits that fuelled the industrial revolution and affect our climate today. Four major fl oristic realms were established along the palaeoclimatic zones in different palaeo-continents or land masses, namely, the high-latitude Gondwana and Angara fl oras, and the tropical through subtropical Euramerica and Cathaysia fl oras (Figure 1) . Besides some enigmatic elements in each fl ora, the late Palaeozoic terrestrial vegetation typically featured diverse lycopsids, ferns, seed-ferns and primitive gymnosperms. During their long evolutionary histories, the late Palaeozoic plants evolved specialised shapes and physiological traits.
Plants in the late Palaeozoic environment
The global environment changed signifi cantly during the late Palaeozoic. Earth witnessed the formation of the supercontinent Pangaea that resulted from the northward drift and collision of two major continental blocks, Gondwana and Laurussia. The assembly of the supercontinent was Primer
